We study mechanically exfoliated nanosheets of franckeite by quantitative optical microscopy. The analysis of transmission mode and epi-illumination mode optical microscopy images provides a rapid method to estimate the thickness of the exfoliated flakes at first glance. A quantitative analysis of the optical contrast spectra by means of micro-reflectance allows one to determine the refractive index of franckeite in a broad range of the visible spectrum through a fit of the acquired spectra to a Fresnel law based model. This is an authors' version (post peer-review) of the manuscript: P. Gant et al. Beilstein J Nanotechnol. 2017; 8: 2357-2362 That has been published in its final form at: https://www.beilstein-journals.org/bjnano/articles/8/235 2 Mechanical exfoliation is a very powerful technique to produce a large variety of high quality two-dimensional (2D) materials.
Mechanical exfoliation is a very powerful technique to produce a large variety of high quality two-dimensional (2D) materials. 1 This sample fabrication process, however, typically yields randomly distributed flakes over the substrate surface with a large distribution of flake areas and thicknesses. Therefore fast, reliable, and non-destructive screening methods are crucial to identify ultrathin flakes and to determine their thickness.
Optical microscopy based identification methods have proven to be very resourceful ways to find ultrathin flakes produced by mechanical exfoliation. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In fact, nowadays each time a new 2D material is isolated one of the most urgent things is to establish a correlation between the thicknesses of the exfoliated flakes and their optical contrast (in order to be used as a calibration guide to identify ultrathin flakes optically) and to determine the optimal substrates to identify ultrathin nanosheets by optical microscopy.
Franckeite is one of the latest novel layered materials added to the 2D materials family and up to now very little is known about this material. [15] [16] [17] [18] One of the special characteristics that triggered the interest of the community on franckeite is the fact that it is one of the few known examples of a naturally occurring van der Waals heterostructure.
Unlike most of the studied heterostructures (that are manually assembled layer-by-layer) franckeite, in its natural form, presents alternating SnS2-like and PbS-like layers stacked on top of each other (see Figure 1) This is an authors' version (post peer-review) of the manuscript: P. Gant et al. Beilstein J Nanotechnol. 2017; 8: 2357-2362. doi: 10.3762/bjnano.8.235 That has been published in its final form at: https://www.beilstein-journals.org/bjnano/articles/8/235 3 Ray et al. have also recently measured the photoresponse of franckeite devices in the visible and near-infrared part of the spectrum. 18 These works showed that franckeite nanosheets have an attractive narrow bandgap (<0.7 eV) and p-type doping and that they are very resilient upon atmospheric exposure. These characteristics makes franckeite an excellent alternative to black phosphorus which tends to degrade quickly upon air exposure.
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Here we study the thickness dependence of the optical contrast of mechanically exfoliated franckeite flakes. The aim of this work is to serve as a reference guide that could be used by other researcher to identify nanosheets of franckeite and to determine their thickness through quantitative analysis of their optical contrast. Our quantitative analysis of the thickness dependent optical contrast also allows us to determine the refractive index of franckeite in the visible range of the spectrum (to our knowledge this physical property was not reported in the literature yet) and therefore this work can be a starting point for further studies focused on the optical properties of franckeite nanosheets. 
We use micro-reflectance spectroscopy to quantitatively characterize the optical contrast of franckeite flakes of different thicknesses transferred to SiO2/Si substrates. 24, 25 The sample is illuminated in epi-illumination mode with the white light coming from the tungsten halogen lamp of a metallurgical microscope and the light reflected from an area of the sample of 2 μm in diameter is collected and studied with a spectrometer fiber coupled to the trinocular of the microscope. We address the readers to Ref. 24 and to the Supporting Information for more details about the experimental setup and technique.
By measuring the light reflected by the bare SiO2/Si substrate (Is) and by the flake laying on the SiO2/Si substrate (If) one can determine the optical contrast, defined as 2 : Figure 4 shows some optical contrast spectra acquired on franckeite flakes with different thicknesses transferred onto a 92 nm SiO2/Si substrate. From the spectra shown in Figure   4 one can extract the thickness dependence of the optical contrast at a fixed illumination wavelength. Figure 5 shows six examples of these contrast vs. thickness plots, extracted for 450 nm, 500 nm, 550 nm, 600 nm, 650 nm and 700 nm illumination wavelengths.
Each of these spectra can be fitted to a Fresnel law based model that accounts for the Figure 6a shows the determined components of the refractive index (n and κ) for franckeite. Note that, to our knowledge, this information was not available in the literature yet and it results crucial to further analysis of the optical properties of a material. For example, knowing the refractive index of a 2D material allows determining the substrate that optimizes its optical identification. This is done by calculating the optical contrast of a flake with a given thickness (e.g. ~1.8 nm that corresponds to a single-unit cell of franckeite) as a function of the illumination wavelength and SiO2 thickness (see Figure   6b ). For franckeite we found that the SiO2 thickness values that optimizes the optical contrast at 550 nm of wavelength (where the human eye performance is better 26 ) are 75 nm, 260 nm and 450 nm.
CONCLUSIONS
In summary, we presented a study of the optical identification of franckeite that is intended to be used as a guide for other researchers working on exfoliated franckeite. Our results allow one to determine the thickness of franckeite flakes from the analysis of their optical contrast. A deeper analysis also provides a way of determining the refractive index of franckeite in the visible spectrum, which can be a highly valuable information for further optical studies.
FIGURES: Figure 1 . Sketch of the crystal structure of franckeite where the two different stack layers, the SnS2-like and the PbSlike, can be seen. This is an authors' version (post peer-review) of the manuscript: P. Gant et al. Beilstein J Nanotechnol. 2017; 8: 2357-2362. doi: 10.3762/bjnano.8.235 That has been published in its final form at: https://www.beilstein-journals.org/bjnano/articles/8/235 This is an authors' version (post peer-review) of the manuscript: P. Gant et al. Beilstein J Nanotechnol. 2017; 8: 2357-2362. doi: 10.3762/bjnano.8.235 That has been published in its final form at: https://www.beilstein-journals.org/bjnano/articles/8/235
Figure4. Optical contrast spectra acquired for franckeite flakes transferred onto 92 nm SiO2/Si substrates with different thickness.
Figure5. Thickness dependent optical contrast of franckeite flakes on 92 nm SiO2/Si substrate for 450 nm, 500 nm, 550 nm, 600 nm, 650 nm and 700 nm illumination wavelength. The datapoints are extracted from optical contrast spectra like those in Figure 4 . The solid lines are fits to a Fresnel law based model using the franckeite refractive index as fitting parameter. The shadowed region corresponds to the uncertainty of the fit. Table S1 . Description of the different datasets analysed.
